A B S T R A C T Renal micropuncture observations in the rat suggest that the entire "distal tubule" (defined by the micropuncturist as that portion of the renal tubule extending between the macula densa and its first junction with another (renal tubule) may be responsive to vasopressin. However, this portion of the renal tubule contains two segments that are morphologically dissimilar. The "early" distal tubule is lined by epithelium characteristic of the distal convoluted tubule, while the "late" distal tubule is lined by epithelium characteristic of the cortical collecting duct. Thus, the present study was initiated to identify the most proximal site of action of vasopressin in the distal renal tubule. 
INTRODUCTION
The distal tubule of the rat kidney, as defined by the morphologist, is composed of three segments that are histologically distinct. These include the ascending thick limb of Henle (pars recta), the macula densa (pars maculata), and the distal convoluted tubule (pars conivoluta) (1, 2) . The remaining portion of the renal tubule, the collecting duct, is lined by epithelium morphologically distinct from that lining the convoluted portion of the distal tubule (1, 2) . The first portion of the cortical collecting duct has been variously termed the connecting portion (2) or the initial collecting tubule (3) . The latter term will be used in this paper. In most mammalian kidneys the transition from the distal convoluted tubule to the cortical collecting duct (i.e., the initial collecting tubule) occurs well before the first junction of one renal tubule with another; thus, the first junction of two renal tubules is formed by two so-called initial collecting tubules.
Despite the fact that the convoluted segment of the distal tubule (as defined morphologically) ends well before its first junction with another tubule, it has been common practice at the micropuncture table to define the "distal tubule" or "distal convolution" as that segment of the renal tubule that extends between the macula densa and the site of the first junction with another distal tubule or distal convolution (4) (5) (6) (7) . When defined in this manner, it can be seen that this segment of the renal tubule is structurally heterogeneous in character.
Tlhtus, the "early" distal tubule of the renal micropunctwrist is lined by epithelium characteristic of convoluted tubule (pars convoluta), whereas the "late" distal tubule is lined by epithelium characteristic of the intial collecting tubule.
The present investigation was initiated to determine whether the structural heterogeneity of the so-called distal tubule (as defined at the micropuncture table) was associated with morphological evidence of functional heterogeneity in response to the administration of exogenous vasopressin. Previous morphological studies have demonstrated that certain segments of the collecting duct of the mammalian kidney are responsive to vasopressin. In the presence of a favorable osmotic gradient, that is, from the lumen to the interstitium, vasopressininduced bulk water flow across the tubular epithelium is associated with cell swelling and dilatation of the lateral and basilar intercellular spaces. These morphological changes have been observed in vivo in the medullary collecting duct of the rat (8) and in vitro in isolated segments of the rabbit cortical tubule (9) . Thus, these same morphological features were employed in the present study as a morphological marker to determine the most proximal site of action of vasopressin in the renal tubule of the rat. The results of this investigation revealed that the entire cortical collecting duct (beginning with the iniial collecting tubule) was responsive to vasopressin. On the other hand, no evidence was found to suggest that the distal convoluted tubule, as defined morphologically, was responsive to vasopressin.
METHODS
Selected morphological features of the distal convoluted tubule and the cortical collecting duct were documented in 13 animals with hereditary hypothalamic diabetes insipidus (DI) 1 (10) during water diuresis, vasopressin-induced antidiuresis without hydropenia, or after vasopressin administration after the antecedent institution of water deprivation. Additional observations on the morphology of the distal convoluted tubule and cortical collecting duct were recorded during antidiuresis in 7 Wistar rats and 34 Sprague-Dawley rats.
In the initial phases of the investigation, 11 opened and the left kidney was isolated and prepared for micropuncture as described previously (11) . The temperature of the exposed kidney was maintained by a constant surface drip of warmed (370C) isotonic saline. Two additional DI rats weighing 206 and 163 g, respectively, were studied during vasopressin administration after the institution of varying degrees of water deprivation. Both of these animals were starved overnight and then prepared surgically as described above. One animal was allowed free access to water before study but additional fluid was not administered after the induction of anesthesia (except for an infusion of isotonic saline at 0.02 ml/min for 40 min during surgical preparation to replace estimated surgical blood loss). The second animal was deprived of water for 9 h before surgery but i.v. fluids were not given either during or after surgical preparation. After surgical preparation was completed, both animals received an i.v. infusion of vasopressin (0.15 mU/min) for 10 min. Fixation of renal tissue was then initiated in preparation for morphological examination.
Morphological observations on that segment of the renal tubule between the macula densa and the first junction with another renal tubule were made in 7 Wistar rats and 34 Sprague-Dawley rats. All animals were studied during normally spontaneous antidiuresis, and surgical preparation was carried out in a manner identical to that outlined above for DI rats.
Morphological studies in DI rats. Renal tissue was preserved for morphological investigation by dripping either 2%o OsO4 buffered in potassium phosphate (osmolality: 225 mosmol/kg H20; pH 7.4-7.6) or a mixture of glutaraldehyde and formaldehyde (12) diluted to half-strength and buffered in potassium phosphate (osmolality: 960 mosmol/kg H20; pH 7.4-7.6) over the surface of the undisturbed left kidney for 30 min. Thereupon the kidney was excised quickly and the well-preserved outer cortex was removed and divided into several blocks approximately 1 mm' in size. Aldehyde-preserved tissue was fixed for an additional 4 h at room temperature in the same fixative solution; it was then rinsed overnight in a potassium phosphate buffer with added sucrose and postfixed for 1 h in 2% OsO4. Tissue initially fixed in OSO4 was fixed for 1 additional h in OS04 and then rinsed briefly in the potassium phosphate buffer. All tissues were dehydrated in a graded series of alcohols and embedded in Epon epoxy resin (Epon Adhesive Synthetic Resin, Shell Chemical Co., New York (13) .
Tissue sections for light microscopy were cut 1 Am in thickness from the Epon-embedded material and stained with toluidine blue (14) . Sections The morphology of the distal convoluted tubule and the cortical segment of the collecting duct in the diuretic and antidiuretic DI animals was first evaluated qualitatively by both light and electron microscopy. The material was then subj ected to quantitative morphometric techniques in an attempt to document the presence or absence of vasopressininduced transcellular or intercellular osmotic water flow or both in the two segments of the renal tubule under investigation. Since transcellular water flow causes an increase in cell volume that should be reflected by an increase in cell height, the height of individual cells lining the cortical segment of the collecting duct and the distal convoluted tubule was measured. By planimetric techniques, the total cross-sectional area of the epithelium lining the cortical segments of the collecting duct was also determined as another indication of cell volume change in the two physiological conditions. These measurements included the area occupied by the intercellular space and intracellular vacuoles, since the two compartments could not be distinguished at the light microscopic level. For these measurements distal convoluted tubules and cortical collecting ducts appearing in the cross-section in the 1 FIGURE 1 Photomicrograph depicting the typical appearance of a cortical collecting duct from an untreated DI rat during water diuresis. Magnification X 1,400. FIGURE 2 Photomicrograph demonstrating cell swelling and dilatation of lateral and basilar intercellular spaces (arrows) in a cortical collecting duct from DI rat in which the water diuresis was converted to antidiuresis by the administration of exogenous vasopressin. Magnification X 1,400.
conditions. For these measurements three separate tubules were examined in each animal. Six measurements of width were taken randomly from two different cells within each tubule examined. Width of the intercellular spaces was measured with an Optical Comparator, Model P-1523, (Scherr-Tumico, Inc., St. James, Minn.) directly from negatives taken at an original magnification of 5,000 X. These measurements were made without prior knowledge of the physiological status of the animal, i.e., water diuresis versus antidiuresis.
Morphological studies in Wistar and Sprague-Dawley rats. These observations were made for two primary purposes: (a) to characterize the type of epithelium that lines those so-called distal tubules (extending from the macula densa to the first junction with another renal tubule) that are potentially accessible to renal micropuncture, and (b) to define the type of epithelium present at the point of junction between two distal tubules. l-,um tissue sections were examined by light microscopy and compared with sections obtained from DI rats. Only those sections that included the renal capsule were used and only those tubules (excluding proximal tubules) that lay directly beneath the capsule and which would normally have been accessible to micropuncture were evaluated. The tubules were classified on the basis of their cellular composition as distal convoluted tubule, transition region, or cortical collecting duct. The transition region was defined as that segment of the renal tubule in which cells resembling both the distal convoluted tubule and the cortical collecting duct could be seen in the same cross-section. In these same animals (as well as in DI rats), serial 1-Am tissue sections were also cut to trace the formation of the first junction of one renal tubule with another. Junctional observations were not limited to sections with visible renal capsule; junctions throughout the outer one-third of the cortex were examined.
Numerical data were analyzed by Student's t test. Data are expressed as mean ± standard deviation unless indicated otherwise and P values less than 0.05 were considered significant.
RESULTS
Physiological observations (Table I ). The average urine flow at the time of fixation in the five untreated DI rats (water diuresis alone) was 73 Al/min/kidney; the average urine osmolality averaged 202±SE 18 mosmol/kg H20. In the six animals in which water diuresis was interrupted by the administration of exogenous vasopressin, the urine osmolality immediately before fixation had increased to an average value of 592±SE 141 mosmol/kg H20 and urine flow had fallen to 10.2 Al/min/ kidney. An amount of urine sufficient for analysis could not be obtained from the two animals subjected to water deprivation before the administration of exogenous vasopressin. Physiological observations were not obtained in healthy and presumably antidiuretic non-DI rats.
Morphological observations. The general Morphological appearance of the collecting duct epithelium and that lining the distal convoluted tubule in DI rats was identical to that described previously in other strains of laboratory rats and it will not be detailed further. The terminal portion of the distal tubule of the micropuncturist was lined by epithelium that was collecting-duct in type, i.e., like that of the initial collecting tubule of the morphologist.
In the five untreated DI rats in which the kidney was fixed in situ during water diuresis, the lumen of the cortical collecting ducts (including the initial collecting tubule) was widely patent. Both the light or principal cells and the dark or intercalated cells were cuboidal in shape and enlargement of the lateral or basilar intercellular spaces was not observed (Fig. 1) . In contrast, the appearance of the cortical collecting ducts (including the initial collecting tubules) differed markedly in the six DI rats treated with vasopressin before fixation (Fig. 2) . Light microscopic examination revealed that the outer diameter of the collecting ducts, when viewed in cross-section, was somewhat reduced in comparison to that observed in animals undergoing water diuresis; furthermore, the cells lining the tubules were greater in height. These two events led to a reduction in luminal diameter and they suggested that cell swelling had occurred. Most striking, however, was the presence of markedly dilated lateral and basilar intercellular spaces separating the individual cells lining the collecting ducts.
Differences in the morphologic appearance of collecting duct epithelium in the two physiological conditions were even more obvious with electron microscopy. In untreated DI rats undergoing water diuresis, enlargement of the intercellular spaces was not evident and the lateral cell membranes and the interlocking lateral interdigitations of adjacent cells were immediately juxtaposed (Fig.   3 ). On the other hand, the exposure of collecting duct epithelium to vasopressin during maximum water diuresis was accompanied by the appearance of the large lateral and basilar intercellular spaces noted previously with light microscopy (Fig. 4) . The majority of the lateral interlocking processes of adjacent cells were no longer in direct apposition to each other. There was marked rarefaction of the cytoplasm of the principal or light cells, suggesting that the cells were swollen and had increased in volume. The most marked enlargement of the intercellular spaces was noted in kidney tissue fixed 6-10 min after the establishment of antidiuresis. The collecting duct epithelium from kidneys fixed at 60 min continued to exhibit evidence of cellular swelling, but the frequency of lateral intercellular space dilatation was sharply reduced. In many animals the intercellular spaces were dilated most markedly within the initial collecting tubule at a point near its transition with the distal convoluted tubule. Hydropenic animals receiving exogenous vasopressin did not exhibit detectable morphological evidence of cellular swelling or intercellular space dilatation.
In contrast to the above observations on epithelium of the collecting duct, water diuresis and vasopressin-induced antidiuresis were not associated with discernible differences in the morphological appearance of the distal convoluted tubule on light microscopy (Figs. 5 and 6). itm (n = 71 ) in the three vasopressin-treated animals (P <0.001). The average height of the dark or intercalated cells in the untreated diuretic animals was 5.3+ SD 1.1 jum (n = 61) vs. 6.8+SD 1.0 atm (n = 59) in the treated animals (P < 0.001). These results suggest that the cells of the collecting ducts in vasopressintreated animals were swollen, and cellular volume had increased. They confirm the qualitative morphological observations and they are consistent with an increased cellular entry of wvater through the apical or lutminal membrane in the presence of vasol)ressin and a favorable osmotic gradient. The results of planimetry support such a conclusion as well, despite the fact that statistical significance was not quite achieved; the average cross-sectional area of the epithelium lining the cortical collecting duct of untreated diuretic animals was 601±SD 150 tm-n (n = 33) vs. 668±SD giM2 (n = 33) in the animals receiving vasopressin (P < 0.06). Finally, in all three strains of rats, the first junction of one renal tubule with another was always formed by tubules lined with epithelium characteristic of the collecting duct (Fig. 10) evidence that the entire length of the collecting duct of DI rats is responsive to vasopressin, and that vasopressin-induced osmotic water flow presumably occurs along its entire length as well. In contrast to the implications of certain physiological studies (5, 6, 17, 18) , no morphological evidence was found to suggest that the convoluted segment of the distal tubule in the rat is responsive to vasopressin. In the presence of vasopressin there was no increase in the height of the individual cells, there was no increase in the width of the lateral and basilar intercellular spaces between individual cells, and there was no change in the general appearance of the cells that might reflect the presence of increased transepithelial osmotic water flow in this segment of the nephron. It is recognized, however, that the failure to demonstrate such changes in the distal convoluted tubule does not totally exclude the possibility that some water reabsorption may occur in this segment of the nephron. In contrast to the epithelium of the collecting duct and the toad bladder, the cells of the distal convoluted tubule, like those of the proximal convoluted tubule, are highly complex in structure, possessing elaborate invaginations of the basal plasmalemma. This configuration greatly increases the cell surface-to-volume ratio and may permit greater bulk fluid flow in the absence of obvious structural changes such as cell swelling and intercellular space dilatation. Thus, possible limitations in the applicability of the morphometric techniques employed to detect transepithelial water flow must be acknowledged. In recent studies by Tisher and Kokko the same morphometric techniques were employed to relate changes in intercellular space width to varying rates of net transepithelial water flow in isolated proxinmal convoluted tubules exposed to various oncotic pressure gradients. Changes in net fluid reabsorption as small as 0.40-0.50 nl mm1 min-' were associated with significant differences in intercellular space width (19, unpublished observations) . Calculations based on data derived from earlier micropuncture and microdissection studies in the rat suggest that rates of net transepithelial water reabsorption well in excess of 0.50 nl Vasopressin Responsiveness of Distal Tubule and Collecting Duct mm-'min-' could be anticipated if the entire distal tubule (from the macula densa to the first junction with another renal tubule) is responsive to vasopressin. From the work of Schnermann et al. (20) it can be calculated that tubular fluid is delivered to the early distal tubule at a rate of approximately 9 nl/min in a water-loaded DI rat. The average length of the distal tubule from macula densa to the first junction with another renal tubule is approximately 2.4-2.5 mm (21, and Gottschalk, personal communication). In hydropenic rats the average TF/P inulin ratio in the early distal tubule is approximately 5 and increases to an average value of 20 in the late distal tubule (Gottschalk, personal communication) . Calculation of the rate of net fluid reabsorption from these data yields a value of approximately 2.7 nl mm-' min', five times that associated with detectable intercellular space dilatation in the isolated proximal convoluted tubule. Thus, since smaller increments of transepithelial water flow have been detected in the proximal convoluted tubule by the same morphological techniques employed in the present study, we believe it quite likely that if there is significant osmotic water flow across the early distal tubule (distal convoluted tubule) in the presence of vasopressin, it should also be detectable.
The results of the present study suggest that the hypotonic tubular fluid that enters the early distal convoluted tubule from the ascending thick limb of Henle remains hypotonic to plasma throughout the distal convoluted tubule until it enters the initial collecting tubule. Thereafter, one might expect that osmotic equilibration with plasma would be achieved or approached as tubular fluid progresses further along the length of the initial collecting tubule. The present morphological demonstration of dissimilar responsiveness to vasopressin along the distal tubule of the micropuncturist also provides a possible explanation for the results of earlier micropuncture studies in Wistar rats, where the osmolality of distal tubule fluid was found to approach isotonicity at a point approximately 50-60% along the accessible length of the distal tubule (5, 6) . As shown in Table IV samples of fluid obtained from the late distal tubule (initial collecting tubule) would be more likely to approach isotonicity. However, in contrast, micropuncture studies in either the Sprague-Dawley rat or the Brattleboro strain of the Long-Evans hooded rat would appear to be accompanied by a reduced likelihood of entering the initial collecting tubule and a greater likelihood of obtaining samples of tubular fluid from the distal convoluted tubule. Thus, in the latter two strains of rats, one might anticipate that the fluid would appear to remain hypotonic to plasma throughout the accessible length of the so-called distal tubule (as defined by the micropuncturist).
Morphological differences such as those described in the present study may help to explain the described differences between the renal micropuncture observations of Gottschalk and Mylle (5) and Lassiter, Gottschalk, and Mylle (6) and those of Lechene, Morel, Guinnebault, and de Ruffignac (22) . The first two papers suggested that distal fluid approached isotonicity beyond the mid-portion of the distal tubule whereas the last paper suggested that distal fluid remained hypoosmotic to plasma throughout the accessible portion of the distal tubule under a similar array of experimental conditions (hydropenia, saline diuresis, urea diuresis, mannitol diuresis, etc.). Although the studies by both groups were performed in Wistar rats, the strains used were not identical (23) . In later studies (23) it was found that more samples of fluid collected from the late distal tubule in Saclay Wistar rats (strain used by Colindres and Lechene [23] ) remained hypo-osmotic than from the Wistar rats commonly used by Gottschalk and his co-workers under the same experimental conditions, and that the mean TF/P osmolality in the second half of the distal convolution was significantly lower in the Saclay Wistar animals. It was suggested that hereditary or environmentally induced strain differences might account for the differences observed in the latter study. Based on observations in the present study, we believe it quite likely that hereditary differences in distal tubule morphology exist in these two strains of animals. We would predict that the Saclay rats resemble the Sprague-Dawley and Long-Evans strains of animals, having a greater percentage of true distal convoluted tubules among those distal tubules available for micropuncture. Of course, despite the fact that the present results do provide further insight into the random availability of distal convoluted tubules versus initial collecting tubules on the kidney surface of differing strains of rats, it must also be acknowledged that they do not establish the average percent length of the distal tubule of the micropuncturist that might be lined by the differing cell types. The demonstration of a close relationship between such a figure   3106 P. B. Woodhall and C. C. Tisher and measured osmolalities of tubular fluid at various points along the distal tubule (as defined by the micropuncturist after the dissection of latex casts) would provide further support for the thesis. Similar morphological dissimilarities among animal species could also account for the difference in the osmolality of distal tubule fluid observed in the dog (7) and the rhesus monkey (24) as compared with the rat. Micropuncture studies in the dog have demonstrated that the tubular fluid remains hypo-osmotic throughout the accessible portion of the distal tubule, again defined as "that segment of the distal nephron between the macula densa and the point at which it joins another distal tubule to form a cortical collecting duct," (7). Combined morphological and micropuncture studies in the dog have revealed that samples of hypotonic tubular fluid are obtained from segments of the distal nephron that are morphologically characteristic of the distal convoluted tubule (C. C. Tisher and J. R. Clapp, unpublished observations).
In 1964 Ullrich, Rumrich, and Fuchs (78) reported an increase in the water permeability of the rat distal convolution during antidiuresis. By an in vivo microperfusion technique with the Stamm FW 49 strain of albino rat, the water permeability of the distal convolution during water diuresis was found to be 2.6 X 10' cm3/cm'/s/cm H20. In the same strain of rat the water permeability during antidiuresis was 7.6 X 10' cm'/cm2/s/cm H20. Based on our own morphological observations, it is possible that the authors were perfusing, at least in part, the initial collecting tubule, a segment that would correspond to the late distal tubule or late distal convolution. The authors' description is unclear as to just how much of the distal tubule was actually perfused, and histological identification of the perfused tubule segments was not undertaken.
The presence of functional (vasopressin responsiveness) and structural heterogeneity within the rat distal tubule (as defined at the micropuncture table) should serve to sound a note of caution to investigators attempting to establish the precise site of various physiological events in this segment of the renal tubule. It appears likely, at least in some instances, that reported functional differences between the early and late distal tubule actually reflect functional differences between the distal convoluted tubule and the initial collecting tubule. Such a circumstance should not be unexpected in view of differing embryological origins of these two nmorphologically distinct segments of the mammalian renal tubule. The distal convoluted tubule is derived from the metanephric blastema, whereas the collecting duct system (including the initial collecting tubule) is thought to be derived from the ureteric bud (3).
Greater future reliance should be placed on studies employing both structural and functional techniques to identify the precise site of micropuncture along the nephron. A technique has recently been described that permits the fixation of renal tubules for electron microscopy immediately after samples of fluid have been obtained via micropuncture (25) ; the parallel injection of latex into the lumen of the fixed tubule and the surrounding interstitium at the site of puncture facilitates precise histological identification of underlying cell types at the site of micropuncture.
The present demonstration of cellular responsiveness to vasopressin can probably be attributed to the rapid induction of antidiuresis in diuretic animals where the rate of fluid flow within the tubule presumably was high. The findings are consistent with the concept that a large volume of hypotonic fluid was entering the cortical collecting duct at a time when the luminal cell membrane was suddenly rendered more permeable to water by the action of vasopressin. The sudden increase in permeability to water permitted an initially high rate of transtubular fluid flow, which effected the appearance of cell swelling and intercellular space enlargement, at least transiently. Three lines of evidence support this view: first, the cortical collecting ducts of animals whose kidneys were fixed -within 6-10 min after the establishment of antidiuresis exhibited larger and more numerous dilated intercellular spaces than did the collecting ducts of those animals whose kidneys were fixed at 30-60 min; second, enlarged intercellular spaces were observed infrequently in the cortical collecting ducts of the DI rats made severely hydropenic before the administration of vasopressin; finally, the most marked intercellular space enlargement was observed just beyond the region of transition from the distal convoluted tubule to the initial collecting tubule, i.e., that point in which the osmotic gradient between the hypotonic fluid leaving the distal convoluted tubule and the isotonic interstitial fluid surrounding the tubule should be greatest.
